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Background: Current evidence indicates that a stem cell-like sub-population within malignant glioblastomas, that overexpress 
members of the adenosine triphosphate-binding cassette (ABC) family transporters, is responsible for multidrug resistance and 
tumour relapse. Eradication of the brain tumour stem cell (BTSC) compartment is therefore essential to achieve a stable and long- 
lasting remission. 

Methods: Melatonin actions were analysed by viability cell assays, flow cytometry, quantitative PCR for mRNA expression, western 
blot for protein expression and quantitative and qualitative promoter methylation methods. 

Results: Combinations of melatonin and chemotherapeutic drugs (including temozolomide, current treatment for malignant 
gliomas) have a synergistic toxic effect on BTSCs and A172 malignant glioma cells. This effect is correlated with a downregulation 
of the expression and function of the ABC transporter ABCG2/BCRP. Melatonin increased the methylation levels of the ABCG2/ 
BCRP promoter and the effects on ABCG2/BCRP expression and function were prevented by preincubation with a DNA 
methyltransferase inhibitor. 

Conclusion: Our results point out a possible relationship between the downregulation of ABCG2/BCRP function and the 
synergistic toxic effect of melatonin and chemotherapeutic drugs. Melatonin could be a promising candidate to overcome 
multidrug resistance in the treatment of glioblastomas, and thus improve the efficiency of current therapies. 



Glioblastoma is the most common primary brain tumour. It is also is very difficult and glioblastomas are refractory to current 

one of the most lethal cancers, with an average life expectancy that chemotherapy regimens. The development of novel therapeutic 

remains less than 1 year. Treatment of glioblastoma patients is strategies for the treatment of malignant glioblastoma is therefore 

extremely challenging, as complete surgical resection of the tumour urgent. 
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In recent years, numerous studies have reported the presence of 
stem cell-like cells in solid tumours including malignant glioblas- 
tomas (brain tumour stem cells, BTSC; Galli et al, 2004). These are 
defined as a built-in population of multidrug- resistant, pluripotent 
cells that can survive chemotherapy and repopulate the tumour 
after treatment. According to this hypothesis, therapeutic 
approaches that do not eradicate the BTSC compartment are 
likely to fail. They could kill the majority of tumour cells and 
induce a temporary regression, but then fail to prevent disease 
relapse. Consistently, there is an enrichment of BTSCs in response 
to chemotherapy treatments (Charles and Holland, 2009). In order 
to achieve a stable long-lasting remission of glioblastomas, there is 
necessary to find therapeutic approaches that target both the 
tumour bulk and the BTSC compartment. 

Melatonin (iV-acetyl-5-methoxytryptamine) is an indolamine 
involved in the regulation of chronobiological rhythms and 
endocrine function (Lewy, 2007). However, melatonin also shows 
antiproliferative and cytotoxic effects on specific tumour types 
(Regelson and Pierpaoli, 1987; Maestroni, 1993; Sze et al, 1993) as 
well as direct and indirect antioxidant effects (Bonnefont-Rousselot 
and Collin, 2010). Long-term in vivo treatment with melatonin 
showed protection against several age-related events, including the 
incidence of malignant tumours, without noteworthy side effects 
(Tamarkin et al, 1981; Pierpaoli and Regelson, 1994). Moreover, 
concomitant administration of pharmacological doses of melatonin 
increases the therapeutic efficacy of cancer chemotherapy, 
particularly in patients with poor clinical status (Messina et al 
2010). This is consistent with clinical and experimental studies 
showing that other antioxidants enhance the cytotoxicity of 
chemotherapy (Ladas et al 2004). 

Our group has shown previously that melatonin inhibits rat 
glioblastoma cell proliferation both in vitro and in vivo by 
inhibiting key intracellular effectors such as PKC, Akt and NF-kB, 
effects that are also associated to the antioxidant properties of the 
indolamine (Martin et al 2006). We also have previously showed 
melatonin to sensitise glioblastoma against TRAIL-induced cell 
death (Martin et al 2010). 

Here, we describe that melatonin increases the efficacy of 
antitumoural compounds in both BTSCs and glioblastoma cell 
lines. This effect is correlated with a decrease in the expression of 
the adenosine triphosphate-binding cassette (ABC) superfamily 
member ABCG2/BCRP, responsible for tumour resistance to some 
chemotherapeutic drugs. 



MATERIALS AND METHODS 



Cell culture and reagents. The human malignant glioblastoma 
cell lines A172, U87 and U373 (American Type Culture Collection, 
Manassas, VA, USA) were maintained in DMEM/F-12 (1:1, v/v) 
supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotic-antimycotic mixture containing 5.000 U ml -1 penicillin 
and 5.000 U ml -1 streptomycin. Neurospheroid cultures were 
established from acute cell dissociation of human glioblastoma 
post-surgical specimens, and maintained in DMEM/F12 medium 
supplemented with B27 (Invitrogen, Carlsbad, CA, USA), EGF and 
bFGF (20ngml _1 each, Sigma- Aldrich, St Louis, MO, USA) 
according to the procedures described elsewhere (Galli et al 2004; 
Singh et al 2004). Neurospheroid cultures display a BTSC 
phenotype (self-renewal, proliferation, expression of stem cell 
markers, pluripotency and ability to form tumours in vivo; Jiang 
et al 2007; Alonso et al, 2011). 

Cell culture reagents were purchased from Sigma Chemical Co. 
(St Louis, MO, USA) except for FBS, which was obtained from 
Gibco (Invitrogen Life Technologies, Madrid, Spain). Culture flasks 
and dishes were acquired from Fisher Scientific (Madrid, Spain). 



Melatonin and all other reagents were purchased from Sigma 
Chemical Co., unless otherwise indicated. 

Cell viability assay. For dose-response curves, cells were platted 
on a 96- well dish at a density of 10 4 cells per well and viability was 
determined by the MTT assay as previously described (Martin 
et al, 2010). Data were analysed using CalcuSyn software (Biosoft, 
Cambridge, UK), which calculates the IC 50 for each drug and fits 
the curves to Chou-Talalay lines (Chou, 1998) in order to calculate 
the combination index (CI) at different 'effect' or 'fraction- affected' 
levels. A CI between 0.9 and 1.1 indicates an additive effect, a CI 
less than 0.9 indicates synergy, and a CI greater than 1.1 indicates 
antagonism. 

Real-time quantitative PCR. Quantitative analysis of ABCG2, 
MDR1 and MRP1 mRNA levels was performed by the SYBR Green 
real-time PCR method using Green PCR Core Reagents (ABI 
systems, Foster City, CA, USA) in an AB7700 Real-Time System 
(ABI systems) as previously described (Martin et al, 2010). The 
primers used were the following: S'-AGTTCCATGGCACTGGC 
CATA-3' (sense) and TCAGGTAGGCAATTGTGAGG (anti- 
sense) for ABCG2; 5 / -CCCATCATTGCAATAGCAGG-3 / (sense) 
and 5 / -TGTTCAAACTTCTGCTCCTGA-3 / (antisense) for MDR1; 
5'-ATGGGGAAGGTGAAGGTCGG-3' (sense) and 5'-GACGGT 
GCCATGGAATTTGC-3' (antisense) for MRP1; and 5'-ATGGG 
G AAGGTGAAGGTCGG- 3' (sense) and 5' -G ACGGTGCCATG 
GAATTTGC-S^antisense) for GAPDH. Each sample was tested 
in triplicate, and relative gene expression data were analysed by 
means of the 2 ~ ACT method. 

Western blot. For protein expression, cells were lysed with ice- 
cold lysis buffer (150 mM NaCl, 1 im EDTA, 1 mM EGTA, 1% (v/v) 
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ^-glyceropho- 
sphate, ImM Na 3 V0 4 , l/igml -1 leupeptin, 10 nM NaF, 1 mM 
PMSF, 20 mM Tris-HCl pH 7.5). Thirty to fifty fig of total protein 
were separated by SDS-PAGE and transferred to polyvinylidene 
difluoride membranes (Amersham Bioscience, Pittsburgh, PA, 
USA). Blots were incubated with antibodies against ABCG2 
(1:1000, Cell Signaling Technology, Beverly, MA, USA), and 
GAPDH-as a loading control (1 : 1000, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA). Blots were then incubated with horseradish 
peroxidase-conjugated secondary antibodies (anti-rabbit IgG 
peroxidase conjugated and anti-goat IgG peroxidase 1 : 3000, 
Calbiochem, La Jolla, CA, USA) and the reaction was visualised 
by means of enhanced- chemiluminescence detection reagents 
(Amersham Biosciences) following manufacturer's protocol. 

Drug efflux studies. Mitoxantrone efflux studies were performed 
in order to evaluate the activity of ABC transporters. Briefly, cells 
were trypsinised and incubated for 30 min at 37 °C and 5% C0 2 in 
complete medium containing 1 /im mitoxantrone. Cells were then 
incubated for 1 h at 37 °C in mitoxantrone-free medium to 
generate efflux histograms. Samples were analysed on a FACSCa- 
libur flow cytometer (BD Biosciences, San Jose, CA, USA) 
equipped with a 635-nm (mitoxantrone excitation wavelength) 
red diode laser and a 561/16 band pass filter (FL4). 

Qualitative analysis of ABCG2 promoter methylation (methyla- 
tion-specific PCR (MSP) analysis). For MSP analysis, genomic 
DNA was obtained using the GeneElute Mammalian Genomic 
DNA miniprep Kit (Sigma- Aldrich, Milwaukee, WI, USA) 
according to manufacturer's protocol. Two-hundred nanogram of 
DNA per sample were modified using the Imprint DNA 
modification kit (Sigma-Aldrich) according to manufacturer's 
protocol. Primer pairs for MSP were designed on the basis of 
methylated and unmethylated DNA sequences in the promoter 
region as follows: 5'-GCGTTTCGGTTAGTGACGGC-3' (sense) 
and ^-CCCGCCTCCGAAATCGAACG^ (antisense) for methy- 
lation specific and 5'-TAGTTTTGTTGGTGGTTTAGTGT-3' 
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(sense) and 5'-AACCCCAACTACCAAACCACA-3' (antisense) 
for unmethylation specific. Polymerase chain reaction was per- 
formed in 25 fA reaction mixtures containing 50 ng bisulphite- 
modified or -unmodified DNA, 20 mM Tris-HCl pH8.4, 50 mM 
KC1, 1.5 mM MgCl 2 , 240 /xm dNTPs, 0.4 fm primers and 1.5 U 
platinum Taq DNA polymerase (Invitrogen Life Technologies). 
Amplification was performed with an initial denaturation at 94 °C 
for 2 min; 35 cycles of denaturation at 94 °C for 30 s, annealing at 
60 °C for 60 s and extension at 72 °C for 30 s; and a final extension 
step at 72 °C for 5 min. Finally, PCR products were electrophoresed 
in a 2% agarose gel. 

Quantitative analysis of ABCG2 promoter methylation. Quan- 
titative analysis of ABCG2 promoter methylation was carried out 
using a Methyl- Profiler DNA Methylation qPCR System (SABio- 
sciences, Quiagen, Valencia, CA, USA) according to manufac- 
turer's protocol. Genomic DNA was extracted from BTSCs as 
described in the MSP section. Patient and normal brain samples 
from necropsies were obtained from the Leon Hospital Tumor 
Bank (Leon, Spain) after obtaining written informed consent 
according to protocols previously approved by the Clinic Research 
Ethics Committee of the institution and genomic DNA was 
extracted using the DNeasy Kit (Qiagen) according to the 
manufacturer's protocol. Briefly, 30 ng of DNA from each sample 
were digested using either a methylation -sensitive or a methyla- 
tion-dependent restriction enzyme. Following digestion, the 
remaining DNA was quantified by real-time PCR using primers 
that flank the promoter region of the ABCG2 gene. The proportion 
of hypermethylated, intermediate methylated and unmethylated 
DNA in the samples was subsequently determined by comparing 
the amount of PCR product in each digest with a mock digest. A 
double digest was included in the experimental design in order to 
determine the background of the technique. 

Data analysis. Experiments were repeated at least three times, and 
data were calculated as the average ± s.e. Statistical comparisons 
were carried out using a one-way ANOVA followed by a Student- 
Newman- Keuls multiple range test. Statistical significance was 
accepted when P<0.05. 



RESULTS 



Melatonin enhances the toxicity of chemotherapeutic drugs on 
BTSCs. Previous reports suggest that antioxidants could enhance 
the efficacy of chemotherapy (Ladas et al, 2004). In order to test 
the effect of melatonin on the toxicity of chemotherapeutic drugs, 
three BTSC lines (NSC23, NSC7-2 and NSC11) were treated with 
different concentrations of the indole in combination with 
temozolomide, doxorubicin or mitoxantrone for 48 h. Toxicity 
was then tested by the MTT assay, and the median -effect doses 
(IC 50 values) and CI values were calculated from dose-response 
curves as described in the Materials and Methods section. 

We observed that melatonin greatly enhanced the toxicity of 
chemotherapeutic drugs. This was reflected in a significant 
decrease in IC 50 values for each drug when it was combined with 
the indolamine (Figure 1A). Moreover, analysis of the CI values 
showed that co-incubation of melatonin and temozolomide, 
doxorubicin or mitoxantrone resulted in a synergistic toxic effect 
in the three BTSC lines tested (Figure IB). 

Melatonin decreases the expression of ABCG2/BCRP in BTSCs. 

Aberrant expression of ABC transporters is one of the main 
mechanisms responsible for multidrug resistance in cancer cells 
(Gottesman et al, 2002). Consistently, BTSCs showed much higher 
mRNA levels for ABCG2/BCRP and ABCB1/MDR1 than glioblas- 
toma cell lines, whereas MRP1 mRNA levels were similar in all cells 
tested (Figure 2A). This was correlated with a higher resistance of 
BTSCs to temozolomide, doxorubicin and mitoxantrone, expressed 
as higher IC 50 values (Figure 2B). Moreover, preincubation with 
verapamil, a well known ABC transporter inhibitor, decreased 
temozolomide, doxorubicin and mitoxantrone IC 50 values in BTSCs 
(Figure 2C), supporting the relevance of ABCG2/BCRP and 
ABCB1/MDR1 transporters in multidrug resistance of BTSCs. 

A possible effect of melatonin on ABC transporter expression 
and function that could explain the synergy between melatonin 
and chemotherapeutic drugs was then evaluated. We found that 
melatonin induced a significant decrease in the mRNA levels of 
ABCG2/BCRP, but not ABCB1/MDR1 or MRP1, in BTSCs 
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Figure 1. Synergistic toxic effect of melatonin and chemotherapy on BTSCs. (A), Cells were treated with temozolomide (0-2itim), doxorubicin 
(0-50 hm) and mitoxantrone (0-50 ^m) alone or in combination with melatonin (0-1 itim) for 48 h and viability was determined by MTT reduction. 
Results were analysed using CalcuSyn software to calculate IC 50 values for each drug. *P<0.01 vs chemotherapeutic drug alone. (B) Combination 
index (CI) values for the different drug combinations at a constant ratio calculated using CalcuSyn software. A CI between 0.9 and 1 .1 indicates an 
additive effect, a CI less than 0.9 indicates synergy, and a CI greater than 1.1 indicates antagonism. 
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Figure 2. Melatonin regulation of ABCG2/BCRP expression and function. (A) Relative mRNA expression levels of ABCG2/BCRP, ABCB1/MDR1 
and MRP1 in both six BTSCs and three established glioblastoma cell lines (A1 72, U87, U373) as determined by quantitative PCR. (B) Comparison of 
IC 5 o values for temozolomide, doxorubicin and mitoxantrone in BTSCs and glioblastoma cell lines. Cells were treated with temozolomide 
(0-2 itim), doxorubicin (0-50 fiw\) and mitoxantrone (0-50 fiw\) for 48 h and viability was determined by MTT reduction. Results were analysed using 
CalcuSyn software to calculate IC50 values for each drug; *P<0.01 vs BTSCs. (C) IC50 values for temozolomide, doxorubicin and mitoxantrone in 
BTSCs with or without the ABC transporters inhibitor verapamil. Cells were pre-treated with 10^gml~ 1 verapamil for 4h before addition of 
chemotherapeutics as described earlier. Viability was determined by MTT reduction after 48 h. Results were analysed using CalcuSyn software to 
calculate IC 50 values for each drug; *P<0.01 vs cells without verapamil. (D) mRNA expression levels of ABCG2/BCRP, ABCB1/MDR1 and MRP1 
after melatonin treatment in BTSCs as determined by quantitative PCR. Cells were treated with 1 itim melatonin for 24 h. *P<0.01 vs control group 
(vehicle-treated cells, dashed lined). (E) ABCG2/BCRP protein expression after melatonin treatment (1 mM for 24 h) in BTSCs. Optical density 
reading values vsthe loading control protein GAPDH are represented as percent of the control values. *P<0.01 vs control group (vehicle-treated 
cells). (F) ABCG2 transporter activity represented as mitoxantrone (MTX) efflux after melatonin treatment (1 mM for 24 h) in BTSCs. Fluorescence 
values with or without melatonin treatment are represented as arbitrary units. *P<0.01 vs control group (vehicle-treated cells). 



(Figure 2D). This decrease was confirmed at the protein level 
(Figure 2E). Moreover, transporter activity was measured by a drug 
efflux assay using the autofluorescent properties of mitoxantrone. 
As showed in Figure 2F, cells treated with melatonin presented an 
increase in the intracellular content of the autofluorescent drug, 
indicating that the drug was not being exported by the ABC 
transporter. 

Our results suggest that melatonin could overcome multidrug 
resistance in BTSCs through the downregulation of ABCG2/BCRP 
expression, leading to an increase in intracellular drug accumula- 
tion and the subsequent enhancement of cell toxicity. 

Melatonin regulates methylation status of ABCG2/BCRP 
promoter. Several mechanisms have been reported to regulate 



the expression of ABCG2/BCRP in cancer stem cells, including 
epigenetic phenomena (To et al, 2006; Bleau et al, 2009). 
Consistently, we found that glioblastoma samples extracted from 
patients had lower methylation levels in the ABCG2 promoter than 
the normal brain (Figure 3A), a fact that could account for the 
higher ABCG2 expression found in these tumours. Moreover, 
treatment of BTSCs with melatonin induced a significant decrease 
in the levels of unmethylated promoter and a concomitant increase 
in the levels of hypermethylation and partial methylation 
(Figure 3B). This is consistent with the decrease in the expression 
of the transporter shown above (Figure 2D and E). The 
methylation of the ABCG2/BCRP promoter in BTSCs after 
melatonin treatment was also confirmed by MSP after bisulphite 
DNA modification, using methylation -specific primers. As showed 
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Figure 3. Melatonin regulates ABCG2/BCRP expression by inducing methylation of its promoter. (A) Quantitative analysis of ABCG2/BCRP 
promoter methylation in normal brain and glioblastoma samples from patients. (B) Quantitative analysis of ABCG2/BCRP promoter methylation in 
BTSCs after melatonin treatment (1 itim for 24 h). (C) MSP analysis of ABCG2/BCRP promoter region in BTSCs after melatonin treatment. PCR 
products recognising methylated (M) and unmethylated (U) CpG sites were analysed on 2% agarose gels. (D) mRNA expression levels of ABCG2/ 
BCRP in BTSCs after treatment with melatonin (1 itim for 24 h) alone or in combination to the DNA methyltransferase inhibitor 5-aza-dC (AZA, 1 fiw\). 
*P<0.01 vs control group (vehicle-treated cells, dashed line). # P<0.01 vs melatonin-treated cells. (E) ABCG2/BCRP protein expression in BTSCs 
after treatment with melatonin (1 itim for 24 h) alone or in combination to the DNA methyltransferase inhibitor 5-aza-dC (AZA, 1 fiw\). (F) IC 50 values 
for temozolomide in the three BTSCs (NSC23, NSC7-2 and NSC1 1 ) alone or in combination to the DNA methyltransferase inhibitor 5-aza-dC (AZA, 
1 ^m). Viability was determined by MTT reduction after 48 h treatment. Results were analysed using CalcuSyn software to calculate IC 5 o values for 
each BTCSs and data are represented as the average. *P<0.01 vs cells treated with temozolomide alone. 



in Figure 3C, melatonin increased the levels of methylated 
promoter. DNA methyl- transferase inhibitor 5-azacitidine (AZA) 
prevents melatonin effect on the expression of ABCG2 at both the 
mRNA and protein levels (Figure 3D and E). Moreover, AZA 
preincubation also prevents melatonin synergistic effect on 
temozolomide toxicity in BTSCs expressed as IC 50 (Figure 3F). 
These results strongly support that melatonin decreases transporter 
expression and BTSC resistance to chemotherapeutic drugs by 
inducing the methylation of the ABCG2/BCRP promoter. 

Melatonin also decreases chemoresistance in glioblastoma cell 
lines. According to the cancer stem cells theory, the eradication of 
both tumour bulk and BTSCs is needed in order for glioblastoma 
treatments to succeed. In this regard, we found that melatonin not 



only potentiates chemotherapeutic drug cell death in BTSCs but 
also in a human malignant glioblastoma cell line (A172). Co- 
incubation of A 172 glioblastoma cells with melatonin significantly 
decreases the IC 50 values of temozolomide, doxorubicin and 
mitoxantrone (Figure 4A), which results in a synergistic toxic effect 
as indicated by CI values (Figure 4B). Again, this effect is 
associated with a decrease in the expression and function of the 
ABCG2/BCRP transporter by melatonin (Figure 4C-E). An 
increase in promoter methylation by melatonin was also observed 
(Figure 4F), and this effect was also blocked by preincubation with 
AZA (Figure 4G), further supporting the epigenetic regulation of 
ABCG2/BCRP expression and function by melatonin. 

In summary, our results strongly indicate that melatonin (1) 
enhances the efficacy of chemotherapeutic drugs, targeting both 
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Figure 4. Melatonin also overcomes multidrug resistance in the A172 glioblastoma cell line. (A) Cells were treated with temozolomide (0-1 itim), 
doxorubicin (0-10//m) and mitoxantrone (0-20 /^m) alone or in combination with melatonin (0-1 itim) for 48 h and viability was determined by MTT 
reduction. Results were analysed using CalcuSyn software to calculate IC 50 values for each drug. *P<0.01 vs chemotherapeutic drug alone. (B) 
Combination index (CI) values for the different drug combinations at a constant ratio calculated using CalcuSyn software. A CI between 0.9 and 1 .1 
indicates an additive effect, a CI less than 0.9 indicates synergy and a CI greater than 1.1 indicates antagonism. (C) mRNA expression levels of 
ABCG2/BCRP, ABCB1/MDR1 and MRP1 after melatonin treatment as determined by quantitative PCR. Cells were treated with 1 itim melatonin for 
24 h. *P<0.01 vs control group (vehicle-treated cells, dashed line). (D) ABCG2/BCRP protein expression after melatonin treatment (1 itim for 24 h). 
Optical density reading values vsthe loading control protein GAPDH are represented as percent of the control values. *P<0.01 vs control group 
(vehicle-treated cells). (E) ABCG2 transporter activity represented as mitoxantrone (MTX) efflux after melatonin treatment (1 itim for 24 h). 
Fluorescence values with or without melatonin treatment are represented as arbitrary units. *P<0.01 vs control group (vehicle-treated cells). 
(F) MSP analysis of ABCG2/BCRP promoter region after melatonin treatment. PCR products recognising methylated (M) and unmethylated (U) CpG 
sites were analysed on 2% agarose gels. (G) mRNA expression levels of ABCG2/BCRP after treatment with melatonin (1 itm) alone or in 
combination to the DNA methyltransferase inhibitor 5-aza-dC (AZA, 1 fiw\). *P<0.01 vs control group (vehicle-treated cells, dashed line). # P<0.01 
vs melatonin-treated cells. 



BTSCs and the tumour bulk; and (2) regulates specifically the 
expression and function of the ABCG2/BCRP transporter by 
inducing the methylation of its promoter. 



DISCUSSION 



Discovery of a stem cell-like sub -population inside glioblastoma 
has highlighted the need for new therapeutic approaches that target 
both the tumour bulk and the BTSC compartment in order to 
achieve a stable and long-lasting remission. Data presented here 
showed that combination of melatonin with chemotherapeutics 
has a synergistic toxic effect both in BTSC and glioblastoma cell 
lines. Thus, melatonin increases toxicity of several drugs including 
temozolomide, current treatment for malignant glioblastoma. 



Beneficial effects have been reported for melatonin when 
combined with a wide variety of drugs, including the increase in 
efficacy of chemotherapeutic drugs (Reiter et al, 2002). Synergistic 
toxic effects have been described in the combination of melatonin 
with several chemotherapeutics such as doxorubicin, tamoxifen, 
cisplatin or TNF and in several cancer types (Sanchez-Hidalgo 
et aly 2012). In this regard, we have previously showed melatonin to 
sensitise glioblastoma against TRAIL-induced cell death (Martin 
et al 2010). 

The variety of drugs that have been described to be potentiated 
by melatonin suggests an effect on cellular multidrug resistance 
mechanisms. Multidrug resistance is the principal mechanism by 
which many cancers develop resistance to chemotherapeutics and 
is a major factor in the failure of many forms of chemotherapy. 
Aberrant expression of ABC transporters is one of the main 
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mechanisms responsible for multidrug resistance in cancer cells 
(Gottesman et al, 2002). Overexpression of several ABC transpor- 
ters, including ABCB1/MDR1, MRPs and ABCG2/BCRP, results in 
an ATP-driven efflux of drugs from cancer cells, thereby leading to 
decreased intracellular drug concentrations and lower toxicity. 
Stem cells, both normal and tumoural, show higher expression 
levels of several ABC transporters (Jin et al, 2008). Consistently, 
our results showed overexpression of ABCG2/BCRP and ABCB1/ 
MDR1 in BTSCs compared with glioblastoma cell lines that was 
correlated with a higher resistance of BTSCs to temozolomide, 
doxorubicin and mitoxantrone. Moreover, our data showed that 
verapamil decreases temozolomide, doxorubicin and mitoxantrone 
resistance in BTSCs, supporting the relevance of ABC transporters 
in multidrug resistance of BTSCs. Thus, the observed decrease in 
expression and function of ABCG2/BCRP after melatonin treat- 
ment in both BTSCs and glioblastoma cell lines could be 
responsible for the potentiation of chemotherapeutic drug 
cytotoxicity. Both mitoxantrone and doxorubicin have been widely 
described as substrates for the ABCG2/BCRP transporter, which 
actively exports drugs from the intracellular to the extracellular 
space. Although there are no direct evidences of temozolomide as a 
substrate for the ABCG2/BCRP transporter, some indirect 
evidence suggests that temozolomide is also a substrate of this 
transporter (Persson and Weiss, 2009). As far as we know, this is 
the first report showing any effect of melatonin on ABC 
transporter expression and function. 

Several mechanisms have been reported to regulate the 
expression of ABCG2/BCRP in cancer stem cells, including 
epigenetic phenomena (To et al, 2006; Bleau et al 2009). An 
active CpG island has been described within the proximal ABCG2/ 
BCRP promoter region, which inhibits the expression of the 
transporter when it is methylated (To et al 2006). Consistently, we 
found that glioblastoma tumour had lower methylation levels in 
the ABCG2 promoter than the normal brain, a fact that could 
account for the higher ABCG2 expression found in these tumours. 
Treatment of BTSCs and glioblastoma cell lines with melatonin 
induced a significant increase in the promoter methylation levels 
that seemed to be responsible for the decrease in the expression of 
the transporter and so responsible for the synergistic toxic effect of 
melatonin in combination with chemotherapeutic drugs. This is 
one of the first reports showing any epigenetic control of gene 
expression induced by melatonin. Only a few recent reports suggest 
a possible link between the indolamine and the epigenetic 
phenomena by modulating the expression and recruitment of 
histone deacetylases (HDACs) and by inhibiting sirtuins, HDACs 
that have been described to be overexpressed in tumour cells 
(Korkmaz et al, 2012). However, althoguh these reports are based 
on indirect evidence, we demonstrate a clear effect of melatonin on 
the methylation of the ABC transporter. Our results showing that 
AZA prevents melatonin effects on ABCG2/BCRP expression 
suggest an effect of the indolamine on DNA methyltransferase 
activity rather than on HDACs and chromatin remodeling. 

In summary, our results strongly indicate that melatonin 
enhances the efficacy of chemotherapeutic drugs, targeting both 
BTSCs and the tumour bulk due to the regulation of the expression 
and function of the ABCG2/BCRP transporter by inducing the 
methylation of its promoter. We also have previously described 
that melatonin inhibits the proliferation of glioblastoma cells both 
in vitro and in vivo (Martin et al, 2006) and we and others have 
also shown that melatonin is cytotoxic for some particular cancer 
cells (Sanchez- Sanchez et al, 2011; Garcia-Santos et al, 2012). 
Therefore, melatonin could target directly tumour cells by 
inhibiting their proliferation or killing them, and simultaneously 
enhance the effect of chemotherapy. Our results point out 
melatonin as a promising candidate for the treatment of malignant 
glioblastoma. Further studies should be carried out in order to 
elucidate the role of melatonin in epigenetic control of gene 



expression and in the mechanisms by which it enhances the 
toxicity of chemotherapeutic drugs. 
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